Introduction
Global warming as a result of increased carbon dioxide emissions is continuing despite worldwide efforts. Technology for CO2 separation and recovery from power plant flue gas has been developed as one method to reduce CO2 emissions 1) . Storage of the recovered CO2 in the depths of the sea or in the earth is possible 2) , but the optimum target is use as a CO2 resource. Energy consumption in developing countries is expected to increase rapidly with economic growth in the future, so other environmental problems such as air pollution will be aggravated, and energy supply and demand will become restricted.
Dimethyl ether (DME : CH3OCH3) is a potential new fuel to cope with these problems. DME does not emit sulfur oxides and soot, and considerably reduces nitrogen oxide emissions, so is considered to be a promising clean fuel for diesel engines, power generation plants and an alternative to liquefied petroleum gas (LPG). DME is produced commercially from methanol (CH3OH) by dehydration. However, direct DME synthesis methods have recently been advanced using syngas (mixture of CO, H2) from various sources such as coal gasification, steam reforming of natural gas and biomass gasification 3) . Direct DME synthesis from CO2 and H2 is also possible. Suitable catalysts have been investigated, adequate catalyst durability for practical use has not been achieved 4) 6) . Our previous studies of the direct synthesis of DME from CO2 and H2 have shown that a CuO _ ZnO _ Al2O3 _ Ga2O3 _ MgO catalyst has high activity and durability for methanol synthesis from CO2 and H2 7) , and that a ZrO2 Al2O3 catalyst has higher activity for methanol dehydration to DME than γ-Al2O3 which is usually used for conventional methanol dehydration to DME 8) .
The present study investigated various hybrid catalysts based on the methanol synthesis catalyst, CuO _ ZnO _ Al2O3 _ Ga2O3 _ MgO, and the methanol dehydration catalyst, γ-Al2O3 or ZrO2 Al2O3, for direct DME synthesis from CO2 and H2. Here we report the activity and durability of such hybrid catalysts.
Dimethyl Ether Synthesis from Carbon Dioxide by Catalytic Hydrogenation (Part 2) Hybrid Catalyst Consisting of Methanol Synthesis and Methanol Dehydration Catalysts
Masaki HIRANO 1) *, Tetsuya IMAI 2) , Toshinobu YASUTAKE 2) , and Kennosuke KURODA 3) Direct DME synthesis from CO2 and H2 was carried out using hybrid catalysts consisting of a methanol synthesis catalyst (CuO _ ZnO _ Al2O3 _ Ga2O3 _ MgO) and a methanol dehydration catalyst (γ-Al2O3 or ZrO2 Al2O3). The effects of the compositions of the two catalysts on methanol + DME yield, DME selectivity and durability of the hybrid catalysts were investigated. The optimum mixing ratio of the methanol synthesis catalyst to the methanol dehydration catalyst in a hybrid catalyst was 50 : 50 wt%. In the DME direct synthesis from CO2 and H2, the methanol + DME yield and the DME selectivity increased with higher temperature. However, after the methanol yield reached the equilibrium, the methanol + DME yield declined with higher temperature. ZrO2 Al2O3 as a methanol dehydration catalyst had a higher DME synthesis activity than γ-Al2O3. A two-layer structure consisting of an upper layer of methanol synthesis catalyst and a lower layer of a mixture of the methanol synthesis catalyst and the methanol dehydration catalyst was the most effective. The hybrid catalyst with the two-layer structure also showed better durability than catalysts with other structures.
Equilibrium of Methanol Synthesis Reaction and DME Synthesis Reaction from CO2 and H2
The equilibrium yields for the methanol synthesis reaction and the DME synthesis reaction from CO2 and H2 were calculated to compare the equilibrium advantage of both reactions.
The following three reactions were assumed under 4 MPa in the range of 453 to 543 K.
The equilibrium constant of each reaction was calculated from Keq = exp(−∆G/RT). ∆G was calculated based on the thermodynamic data 9) .
The compositions of the feed gas were assumed to be 75 mol% H2/25 mol% CO2 (composition A) and 77 mol% H2/17 mol% CO2/6 mol% CO (composition B). Composition A is the stoichiometric composition for DME synthesis from CO2 and H2, and Composition B is the assumed gas composition at the inlet of a reactor when recycling unreacted gases. Figures 1 and 2 show the calculated equilibrium yields. The equilibrium yields of methanol and methanol + DME are defined as follow.
For Composition A, Equilibrium yield of methanol (%) = [equilibrium amount of methanol product (mol)/amount of feed CO2 (mol)] × 100 Equilibrium yield of methanol + DME (%) = [(equilibrium amount of methanol product (mol) + 2 × equilibrium amount of DME product (mol))/ amount of feed CO2 (mol)] × 100 For Composition B, Equilibrium yield of methanol (%) = [equilibrium amount of methanol product (mol)/amount of feed CO2 and CO (mol)] × 100 Equilibrium yield of methanol + DME (%) = [(equilibrium amount of methanol product (mol) + 2 × equilibrium amount of DME product (mol))/ amount of feed CO2 and CO (mol)] × 100 The calculations showed that the equilibrium yield of methanol + DME is higher than the equilibrium yield of methanol by 10 to 15%. This shows that DME synthesis has a more advantageous equilibrium than methanol synthesis.
Experimental

1. Preparation of Catalysts
Hybrid catalysts consisting of a methanol synthesis catalyst and a methanol dehydration catalyst were prepared for the DME synthesis from CO2 and H2.
CuO _ ZnO _ Al2O3 _ Ga2O3 _ MgO (M-1, Cu : Zn : Al : Ga : Mg atomic ratio = 100 : 50 : 5 : 4 : 1) 7) was used as the methanol synthesis catalyst. M-1 was prepared from a precipitate from a mixed aqueous solution of Cu(NO3)2, Zn(NO3)2, Al(NO3)3, Ga(NO3)3 and Mg(NO3)2 neutralized by a Na2CO3 aqueous solution. The precipitate was washed with pure water, dried at 383 K for 24 h and calcined at 573 K for 5 h. γ-Al2O3 (D-3, Nikki Chemical N613) 8) or ZrO2 Al2O3 (D-4, Zr : Al atomic ratio = 8 : 92) 8) prepared by the coprecipitation method was used as the methanol dehydration catalyst. The hybrid catalysts for direct DME synthesis were prepared with different mixing ratios and mixing methods. The hybrid catalysts are listed in Table 1 .
2. Experimental Equipment and Evaluation of Test Result
The microflow reactor shown in Fig. 3 was used for synthesizing DME. The catalysts were reduced under H2/N2 at 0.1 MPa, 423 to 473 K and GHSV (Gas Hourly Space Velocity) of 1000 h −1 . The temperature was increased in 10 K steps. The reduction was considered complete when the concentration of H2 at the reactor outlet did not changed from that at the inlet. DME synthesis was carried out with 1.4 g of a hybrid catalyst (particle size: 0.5 to 1.0 mm) placed in the reactor under a GHSV of 1000 to 6000 h −1 , at 4 MPa and 503 to 563 K. After reduction of the hybrid catalyst, the feed gas was compressed up to the required pressure and then heated to the required temperature. The DME synthesis was allowed to proceed for 6 h, then the material balance was measured. The products were analyzed by gas chromatography with hydrogen-frame ionization detector (FID) and OV-1 column with helium carrier. A mixture of 77 mol% H2/17 mol% CO2/6 mol% CO was used as the feed gas for the DME synthesis. This composition was calculated as the gas composition at the reactor inlet during DME synthesis using a 75 mol% H2/25 mol% CO2 feed gas with recycling of unreacted gases. In contrast to the conventional synthesis gas composition obtained by steam-reforming of natural gas, the proportion of CO2 in the composition is considerably higher than that of CO. The performance of the catalysts was estimated by calculating the product yields as follows.
Methanol yield (%) = [amount of methanol product (mol)/feed amount (CO2 + CO) (mol)] × 100 DME yield (%) = [2 × amount of DME product (mol)/feed amount (CO2 + CO) (mol)] × 100 Methanol + DME yield (%) = [(amount of methanol product (mol) + 2 × amount of DME product (mol))/feed amount (CO2 + CO) (mol)] × 100 DME selectivity (%) = [2 × amount of DME product (mol)/(amount of methanol product (mol) + 2 × amount of DME product (mol))] × 100
Results and Discussion
The results of DME synthesis using the 12 hybrids catalysts are shown in Table 2 . 
1. Optimum Mixing Ratio of MeOH Synthesis Catalyst and MeOH Dehydration Catalyst in Hybrid Catalyst
To find the optimum mixing ratio of the methanol synthesis catalyst to the methanol dehydration catalyst in the hybrid catalyst, DME synthesis was carried out using four types of hybrid catalysts with different mixing ratios of M-1 (CuO _ ZnO _ Al2O3 _ Ga2O3 _ MgO) and D-3 (γ-Al2O3) as follows; MD-1 (M-1 : D-3 = 70 : 30 wt%), MD-3 (60 : 40 wt%), MD-4 (50 : 50 wt%) and MD-6 (30 : 70 wt%). The results are shown in Figs.  4 and 5 .
The methanol + DME yield was higher using 50, 60 and 70% of M-1 than 30%, whereas the DME selectivity was higher at 30% and 50% of M-1 than at 60% and 70%. These results show that a 50 : 50 wt% mixing ratio of the methanol synthesis catalyst to the methanol dehydration catalyst was the optimum mixture.
2. Effect of Temperature on DME Synthesis
Using Hybrid Catalyst The effect of temperature on DME synthesis using MD-1 catalyst is shown in Fig. 6 . In the temperature range 503 to 563 K, the methanol + DME yield was the highest at 523 K, and the DME selectivity increased with higher temperature. The increase in DME selectivity with higher temperature is due to the increased methanol dehydration reaction rate. The decrease in methanol + DME yield above 523 K is due to the equilibrium suppression of the methanol synthesis reaction. Since the methanol dehydration reaction is not suppressed in equilibrium at 523 to 563 K, the decrease in methanol + DME yield was smaller than that of the equilibrium methanol + DME yield with temperature as shown in Fig. 2.  Figure 7 shows that methanol + DME yield decreased with higher GHSV and maxmized at 503 K. The methanol synthesis reaction probably did not reach to equilibrium at 503 K and so the methanol yield decreased clearly with higher GHSV.
3. Effect of Hybrid Catalyst Structure
The effect of the hybrid catalyst structure on the DME yield was tested using MD-4, MD-10 and MD-11. These hybrid catalysts consist of a 50 : 50 wt% mixture of γ-Al2O3 (D-3) and M-1. As shown in Table 1 Figs. 8 and 9 . The methanol + DME yields using MD-4 and MD-10 were nearly equal and higher than that using MD-11 at 523 K and 543 K. DME selectivity using MD-10 was comparatively higher than using MD-4 and MD-11 at 543 K. Therefore, a two-layer hybrid catalyst such as MD-10 consisting of an upper layer of the methanol synthesis catalyst and a lower layer of a homogeneous mixture of the methanol synthesis and the methanol dehydration catalyst is most effective for the direct DME synthesis from CO2 and H2.
Effect of Methanol Dehydration Catalyst Components
The effect of the methanol dehydration catalyst components in the hybrid catalyst on DME synthesis activity was tested using MD-4 and MD-5 containing γ-Al2O3 (D-3) and ZrO2 Al2O3 (D-4) as the methanol dehydration catalyst respectively. Both hybrid cata-lysts were homogeneous mixtures of the methanol synthesis catalyst (M-1) and the methanol dehydration catalyst with the same mixing ratio of 50 : 50 wt%. Figure 10 shows the results. MD-5 provided higher methanol + DME yield and DME selectivity than MD-4. This result indicates that ZrO2 Al2O3 is better than γ-Al2O3 as the methanol dehydration catalyst.
5. Comparison
between DME Synthesis Reaction and Equilibrium DME synthesis results using MD-10 and MD-12 containing different methanol dehydration catalysts are shown in Fig. 11 with the equilibrium yield of methanol for the synthesis of methanol and the equilibrium yield of methanol + DME for DME synthesis. The methanol + DME yields increased with higher temperature for both hybrid catalysts. However, the methanol + DME yields were lower than the equilibrium yields of methanol at 503 K and 523 K because the methanol yields did not reach equilibrium and the DME 
Fig. 11 Comparison between DME Synthesis Reaction and Equilibrium
synthesis reactions did not progress so much at those temperatures. At 543 K, since the DME synthesis reactions proceeded faster than at 503 K and 523 K, the methanol + DME yields were higher than the equilibrium yield of methanol. This result shows that advantageous DME synthesis over methanol synthesis at equilibrium is obtained at temperatures above 540 K.
6. Durability of Hybrid Catalysts
Durability tests were carried out for MD-5, MD-10 and MD-12 which provided relatively high methanol + DME yields and DME selectivities among the 12 hybrid catalysts tested. The test results are shown in Figs. 12 and 13 . In the test for 3500 h, MD-12 showed the best durability together with the highest methanol + DME yield and DME selectivity.
Conclusions
Direct DME synthesis from CO2 and H2 was carried out using hybrid catalysts consisting of a methanol synthesis catalyst (CuO _ ZnO _ Al2O3 _ Ga2O3 _ MgO) and a methanol dehydration catalyst, γ-Al2O3 or ZrO2 Al2O3, and the effect of the physical conditions of the two catalysts on methanol + DME yield and DME selectivity were investigated together with the durability of the hybrid catalysts.
The optimum mixing ratio of the methanol synthesis catalyst and the methanol dehydration catalyst in the hybrid catalyst was 50 : 50 wt%. In the direct DME synthesis reaction from CO2 and H2, the methanol + DME yield and the DME selectivity increased with higher temperature. However, after the methanol yield reached equilibrium, the methanol + DME yield declined with higher temperature.
ZrO2 Al2O3 catalyst showed higher methanol dehydration activity to DME than γ-Al2O3. A two-layer structure with an upper layer of the methanol synthesis catalyst and a lower layer of a mixture of the methanol synthesis and the methanol dehydration catalysts was the most effective structure for the hybrid catalyst. The hybrid catalyst with this structure also showed better durability than catalysts with other structures. Ga2O3 MgO DME γ-Al2O3 ZrO2 Al2O3
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